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It is reported that the mechanical properties of drawn PLA depend on the drawing conditions (Eling et al., 1982; Jin et al., 2005) . This is because these conditions impact molecular orientation behavior. Therefore, drawing conditions should be optimized to obtain bone fixation devices in which the mechanical properties are well suited to fracture site and type. However, investigation under all drawing conditions is difficult because the potential number of drawing conditions is high. Previously, the effect of molecular orientation on molding conditions has been investigated analytically (Bandeira et al., 2016; Hossain et al., 2010; Kukureka et al., 1992; Lacevic et al., 2006; Shang et al., 2015; Wong et al., 2008) . Kukureka et al. analytically investigated the distribution of flow stress and processing heat generated by the die-drawing of polyethylene billets (Kukureka et al., 1992) . However, this analysis did not explain the molecular orientation generated by die-drawing because the scale of the analysis object was different from that of the molecular chain. Wong et al. applied two network models to describe the orientation behavior of drawn PLA obtained at different drawing temperatures (Wong et al., 2008) . The orientation functions obtained by these analyses were compared with experimental values. As a result, it was reported that the orientation behavior of PLA film appears to follow a pseudo-affine model at the macroscopic level but not at the molecular level. Shang et al. simulated the uniaxial deformation of polyethylene using a molecular dynamics simulation model (Shang et al., 2015) . Their analysis of the interatomic potential energy and conformational parameters indicated that sliding between the macromolecules dominated after the chains were stretched and extended. However, the chain network model and/or molecular dynamics simulation model could not be directly applied to bulk processes, such as for bone fixation rods and screws, because macroscopic and microscopic deformation cannot be assumed equal in bulk processes.
The purpose of this study was to analytically clarify the molecular orientation behavior in drawn PLA billets. An analytical method combining the chain network models and the finite element method (FEM) was proposed to analyze the molecular orientation of PLA billets during extrusion. The chain network models used by Wong et al. were applied to simply analysis the molecular orientation behavior. The PLA billet's FEM deformation behavior was analyzed, because the orientation behavior depends only on deformation in analysis of the chain network models. As a simple drawing method in bulk processes, extrusion has been the focus of previous work (Droscher, 1982; Sakaguchi and Kobayashi, 2015; Weiler and Gogolewski, 1996) . The extrusion is one of methods for drawing polymer billet. The polymer billet is extruded using a mold and a ram during this drawing method so that the cross-sectional area of the billet is smaller than that of original billet. The extrusion applies the same deformation to polymer billet as forward extrusion of plasticity processing. The deformation behavior during extrusion was calculated using the FEM, and the orientation distribution was obtained by applying the network model to each element of the FEM. The orientation function obtained by this analysis was compared with experimental values to examine its validity. Moreover, orientation behavior during extrusion was investigated by analyzing each ER and taper angle of the drawn part.
Analytical methods 2.1 Analysis of deformation behavior using FEM
The principal true plastic strain generated during extrusion of the PLA billets was calculated by FEM, using ANSYS Ver 12 as the solver software. This analysis was elastic-plastic analysis assuming static deformation. The Hollomon equation was used as the constitutive equation for the plastic region. The analysis model constituted a metal mold of extrusion and the PLA billet, as shown in Fig. 1 . The model was a two-dimensional axisymmetric model. Table 1 shows the dimensions of the model for each extrusion ratio (ER). The ER was determined as the ratio of the cross-sectional area of the PLA billet to that of the extruded PLA rod. This ratio corresponds to the ratio of the length of the extruded rod to the original length, when it can be assumed that there is no volume change during extrusion. The extrusion was simulated by applying the same amount of displacement as the length of the PLA billet. The PLA billet was markedly deformed during extrusion. Therefore, the model shape of the PLA billet was rezoned during analysis, and the mesh of the model was reconstructed.
For the FEM, the ER was set to 1.3, 2, 4, and 8, and the taper angle was set 40°, 80°, 120°, and 140°. The mesh was a quadrangular free mesh of 0.3 mm with four nodes. The mechanical properties of the PLA billet were obtained via a compression test at 0.5 mm/min and 130 °C. The PLA billets had an elastic modulus of 51.9 MPa, proof stress of 5.45 MPa, Poisson's ratio of 0.4, and n value of 0.383. The mechanical properties of the metal mold were markedly higher Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00346] than those of the PLA billet; hence, it was considered that the metal mold was rigid. Friction between the mold and PLA billet was ignored. The Von Mises yield criterion was used in the FEM. 
Analysis of orientation behavior using chain network model
The orientation behavior of a molecular chain during uniaxial drawing can be described using two chain network models (Wong et al., 2008) . The first is the affine model, in which it is assumed that crystallites, which are network junctions in polymers, are connected by flexible chains. In the affine model, those crystallites move to the same extent as a point on the macroscopically deformed material. The orientation function f a was determined as a function of drawing ratio  using the following equation:
where  is the ratio of the initial length l 0 and the length after drawing l.  was calculated by the following equation from the true strain t obtained by FEM:
N c is the number of monomers in a chain between network points. Wong et al. (Wong et al., 2008) used the characteristic ratio C n , derived by Ferry (Ferry, 1980) , to obtain the number of links between network points. C n was calculated using the following equation:
(3) Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej. where r is the distance between crystals and l m is the length of the PLA monomer. C n has a fixed valence angle and a rotation restriction about the backbone chain for real polymers. Blomqvist reported that the experimental C n of PLLA is 7 (Blomqvist, 2001) . Wong et al. reported that r and l m are 8.1 nm and 0.295 nm, respectively (Wong et al., 2008) .
The second chain network model is the pseudo-affine model. This model is assumed to behave like an aggregate of independent anisotropic units without extensibility. Molecular orientation in drawing is explained as each unit simply rotates in proportion to the macroscopic deformation of the specimen (Ward and Sweeney, 2004) . The orientation function in the pseudo-affine model f p-a is obtained as follows (Bower, 2002) :
Experimental methods 3.1 Preparation of specimen
Commercial PLA pellets (Ingeo 3001D, Nature Works LLC, the USA) were used to prepare the specimen. The PLA pellets had a weight average molecular weight of about 155,000, glass-transition temperature of about 73 °C, and melting point of 170 °C. The PLA pellets were melted in a single-screw extruding machine (PPKR-mini, Imoto Machinery) and cast in the mold of a cylindrical billet. After the molten PLA was placed into the mold, the mold was cold pressed at room temperature. The molding conditions were as follows: molding temperature of 200 °C, screw rotation number of 100 rpm, and cold press pressure of 40 MPa.
The billets were extruded, as shown in Fig. 1 . A lubricant, polyethylene glycol, was sprayed on the taper part of the mold heated to the extrusion temperature. Then, the PLA billet was set into the tapered part and heated for 10 minutes. Compressive loading was applied to the heated billet via a push component with a hot press system. The extruded rod was taken from the hot press system and cooled to 60 °C or below for about 7 minutes. The ER was 1, 1.3, 2, 4, and 8, the taper angle was 40°, 80°, and 120°, and the extrusion temperature was 105 °C. For each ER, the extruded rods had a length of 40 mm and diameter of 6 mm.
Measurement of orientation function
Molecular orientation in the PLA rod axis was characterized by determining the orientation function using polarized infrared (IR) spectroscopy. IR spectra were recorded using a Fourier transform infrared spectrometer (IR Prestige-21, Shimadzu) and single reflection type attenuated total reflection measuring device (MIRacle A, PIKE Technology). The specimen was buried in an epoxy matrix and then cut in the screw axis direction. IR spectra were measured using a polarized infrared beam in directions parallel and perpendicular to the specimen axis, as shown in Fig. 2 . An oriented PLA consisting of  crystals exhibited an absorption peak at 923 cm −1 , which can be assigned to the CH 3 rocking mode showing a transition moment perpendicular to the chain axis (Kang et al., 2001) . The IR dichroic ratio R was determined by dividing the absorbance of the polarized IR parallel by that of the IR polarization perpendicular to the rod axis. The crystalline chain orientation function f c was calculated from R using the following equation:
where R 0 is 2cot 2 .  is the angle between the transition moment associated with the considered absorption and molecular axis, where  is 90° (Sawai et al., 2003) . Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) 
Results and discussion 4.1 Deformation behavior due to extrusion
The deformation behavior of the PLA billets during extrusion was investigated with FEM. The contour and vector views in Figs. 3 and 4 , respectively, show the magnitude and direction of the first principal plastic strain for extrusion amounts of 0%-100% for extrusion at ER = 4. The extrusion amount was determined as the ratio of the original length of the PLA billet to the displacement at the upper side. As a result, the contour view indicated that strain during extrusion mainly occurred in the tapered part of the mold, whereas the vector view indicated that the direction of the strain was axial in the downstream region. Hence, molecular orientation may have occurred in the tapered part and the orientation direction may have been axial.
For an extrusion amount of 30%, radius strain was mainly generated inside the billet, as shown in Fig. 4  (4) . On the other hand, the tip of the extruded rod was hardly deformed, and strain was not generated. For extrusion amounts of 40%-80%, strain on the surface of the extruded rod was larger than that at the center region. The direction of this strain was axial to the direction of the rod. The strain distribution in the radius direction may have occurred due to different flow lengths in the tapered region. The flow length of the surface region during extrusion was longer than that of the center region. Therefore, the specimen in the surface region was extruded faster than that in the center region. This strain may have occurred owing to shear force, which depended on flow rate. For extrusion amounts of 90% or more, a large strain in the axial direction was generated in the center region of the upper side. The occurrence of this strain may have due to boundary conditions. A non-extruded region remained in much of the tapered part at an extrusion amount of 90%; on the other hand, this non-extruded region was small in the center region. In this analysis, the upper side of the billet was subjected to a forced displacement to simulate extrusion. Therefore, a large strain in the axial direction was generated in this region, as shown in Fig. 5 . In the extrusion method, the PLA billet was extruded by the ram. Since there was no restraint of tension between the billet and the ram, this region was prone to denting. A dent observed in an extruded billet is shown in Fig. 6 ; this grew larger with increasing ER. Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) 3 mm Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) 
Effect of extrusion ratio on orientation behavior
The effect of ER on orientation behavior was investigated based on the contour views shown in Fig. 7 that show the first principal plastic strain generated during extrusion at ER = 1.3-8 and taper angle = 120°. The model for ER = 3 was analyzed to predict orientation function at ER = 2-4. The strain distribution in the radial direction for these contour views is shown in Fig. 8 . The strain distributions were obtained from the axial center of the extruded PLA rod shown in Fig. 7 . The results in Figs. 7 and 8 show that strain increased with ER. The strain distributions in Fig. 8 indicate that strain in the radius center region was almost uniform, whereas strain near the surface peaked at approximately 2.5 mm from the center axis. Figures 9 and 10 show the distribution of the orientation function, which was determined from the strain distributions obtained from the affine and pseudo-affine models. These orientation distributions showed the same tendency as did the strain distributions. The peak in the orientation function for the affine model (Fig. 10) was higher than that for the pseudo-affine model (Fig. 9) . The averaged orientation functions in the center and surface regions, together with the experimental measured values, are shown in Fig. 11 . The center region was defined as the region within 1 mm of the axis of the extruded PLA rod, whereas the region at greater than 1 mm was defined as the surface region, as shown in Fig. 12. The analytical values of the pseudo-affine model were closer to the experimental values than were those of the affine model. This may have been due to differences between the two chain network models: in the affine model, it is assumed that the network junctions in the polymer are connected by flexible chains; on the other hand, the pseudo-affine model is assumed to behave like an aggregate of independent anisotropic units. The experimental values determined with FTIR were the orientation functions for molecules in the -crystal. Wong et al. were reported that the development of crystalline orientation obtained as a result of crystal rotation and crystal slip (Wong et al., 2008) . Hence, the pseudo-affine model may have been relatively consistent with the experimental values because the -crystal behaved as an aggregate.
The orientation functions of analytic values from the pseudo-affine model at ER = 1-1.3 were lower than the experimental values. This may have been due to orientation during casting. When the molten pellet is placed into the mold, the fluid is subject to shear stress caused by viscosity. Orientation function during casting increases as a result of this shear stress. The PLA billet becomes elongated at decreased ER. Hence, the molecular orientation of a billet molded with casting might have increased with decreased ER.
Analytical values from the pseudo-affine model at ER = 8 became saturated at an orientation function of about 0.8. On the other hand, the experimental values became saturated at an orientation function of about 0.6. This may have been due to relaxation of the orientation during post-extrusion cooling.
Hence, reasonable analytic results might be obtained from a combined analysis using the FEM and the pseudo-affine model at ER = 2-4. As such, the orientation function of a billet extruded at ER = 3 was calculated using this approach, showing that the orientation function at ER = 3 was between that at ER = 2 and 4. Fig. 7 Contour view of the first principal plastic strain for extruded billets at ER = 1.3-8. Fig. 8 The first principal plastic strain distribution in radial direction for each ER. Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00346] Fig. 9 Orientation function distribution in radial direction, as calculated by the pseudo-affine model from the first principal plastic strain at each ER. 
Effect of taper angle on orientation behavior
To investigate the effect of taper angle on orientation behavior, the contour views in Fig. 13 show the first principal plastic strain generated during extrusion at ER = 2 and taper angle = 40°-140°. The strain distribution in the radial direction for these contour views is shown in Fig. 14. The strain distributions were obtained from the axial center of the extruded PLA rod shown in Fig. 13 . Figure 15 shows the distribution of the orientation function, which was determined from the strain distributions using the pseudo-affine model. It is apparent that the strain and orientation function at a taper angle = 40° were uniform regardless of radius. The peak strain and orientation function at approximately 2.5 mm from the center axis occurred at a taper angle = 80° and increased with taper angle. This tendency is in agreement with the deformation behavior during forward extrusion of lead rod (Eisbein et al., 1931) .
The orientation functions averaged at the center and surface regions are shown in Fig. 16 , where they are compared with the experimental values. It can be seen that the measured orientation function values in the surface region were slightly higher than those in the center region. This result suggests that the orientation distribution can be controlled by taper angle. Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00346] Fig. 13 Contour view of the first principal plastic strain for extruded billets at taper angles = 40° -140°. Sakaguchi, Mituoka, Kobayashi and Ogihara, Mechanical Engineering Journal, Vol.6, No.5 (2019) 
Conclusion
To improve the mechanical properties of PLA bone fixation devices, the orientation function of PLA billets was analytically investigated by combining the FEM and chain network model. The deformation behavior of PLA billets during extrusion was analyzed using the FEM. First principal plastic strain was generated mainly in the tapered parts during extrusion. The direction of this strain was axial to the direction of the rod. The orientation function in extruded billets was determined from these strains using the affine and pseudo-affine models. The results showed that the analytical values obtained from the pseudo-affine model were closer to the experimental values than those obtained from the affine model; in particular, the pseudo-affine model agreed well with experimental values at ER = 2-4. The radius strain distributions showed that strain in the center region was almost uniform, whereas strain near the surface peaked at approximately 2.5 mm from the center axis. It was also found that orientation function increased with ER and that the peak orientation function in the surface region increased with taper angle. Hence, it was suggested that the magnitude and distribution of the orientation function in extruded PLA billets might be controllable by ER and taper angle, respectively. And, the mechanical properties of extruded PLA billet increase with molecular orientation. Therefore, the best processing conditions in this study might be ER 4 and taper angle 120 ° which obtains the highest orientation function. Moreover, higher orientation function might be obtained at large taper angle such as 140 ° and/or 180 °.
The above conclusion contributes to reducing the cost and the development time of investigating optimal molding conditions, when PLA is reinforced by drawing. And, this analysis method can also be applied to analysis of the molecular orientation that occurs inside the PLA during plasticity processing other than drawing.
